Introduction
============

Cervical carcinoma is the fourth most common cause of death from cancer in women worldwide and accounts for \~12% of all cancers in women. In recent years, the rate of cervical cancer in young adults has increased, with a greater number of diagnoses in women aged between 35 and 55 years.[@b1-ott-11-4395] Although the pathogenesis of cervical cancer is still obscure, infection with human papillomavirus appears to be a necessary factor in the development of almost all cases of cervical cancer.[@b2-ott-11-4395],[@b3-ott-11-4395] Early screening for cervical cancer has been shown to be important to its prevention and treatment.[@b4-ott-11-4395] Although improvements in the diagnosis and prevention of the disease have occurred, the effectiveness of the available therapeutic regimens remains limited. In this regard, there has been a continuing search for the mechanisms underlying tumorigenesis in cervical cancer in order to identify novel therapeutic options.[@b5-ott-11-4395]

Apoptosis is a process of cell death that removes redundant cells and tissues to maintain homeostasis.[@b6-ott-11-4395] With respect to tumor cells, apoptosis is regarded as a potent defense mechanism for cancer prevention and provides a therapeutic target against cancers.[@b7-ott-11-4395] Various natural products have been reported to possess antitumor activities and show low side effects; these compounds can eliminate tumor cells by regulating apoptotic signaling.[@b8-ott-11-4395]--[@b10-ott-11-4395]

The plant *Euphorbia helioscopia* L. has been widely used for treating various disorders in China, such as tuberculosis and edema, and it has been suggested to have activity against cervical and esophageal cancers.[@b11-ott-11-4395],[@b12-ott-11-4395] Extracts from *E. helioscopia* have been shown to inhibit proliferation of human cancer cell lines.[@b13-ott-11-4395] One of the main bioactive compounds isolated from *E. helioscopia* is euphornin ([Figure 1](#f1-ott-11-4395){ref-type="fig"}). This compound has been demonstrated to inhibit proliferation in vitro of mice lung adenocarcinoma cells (LA795).[@b14-ott-11-4395] However, its potential to act against cervical adenocarcinoma cells has not been investigated to date. Hence, the aims of this study were to evaluate the effect of euphornin treatment on various aspects of proliferation of human cervical adenocarcinoma HeLa cells and to investigate potential molecular mechanisms.

Materials and methods
=====================

Chemicals and reagents
----------------------

Euphornin was kindly gifted by Dr Xiao-fei Wang (Lanzhou University, Lanzhou, China) and was dissolved in concentrated dimethyl sulfoxide (DMSO); the stock solution was diluted with phosphate-buffered saline (PBS) to the working concentration before application to cells. The Roswell Park Memorial Institute (RPMI)-1640 medium and fetal calf serum were obtained from Thermo Fisher Scientific (Waltham, MA, USA); Hoechst 33342 and JC-1 dye were purchased from Qianchen Biotechnology Company (Shanghai, China). The Apoptosis Detection Kit (Annexin V-fluorescein isothiocyanate \[FITC\]/propidium iodide \[PI\]) was supplied by BD Biosciences (San Jose, CA, USA); the ECL Western Blotting Substrate Kit was obtained from Abnova (Taipei, Taiwan). Rabbit antibodies against cleaved caspase-3, caspase-8, caspase-9, and caspase-10 and antibodies against Phospho-CDK1 (Tyr15), CDK1, cytochrome complex (Cyt-C), Bax, Bcl-2, and β-actin were supplied by Cell Signaling Technology (Beverly, MA, USA).

Cell culture
------------

The human cervical cancer cell line HeLa and the human fetal lung fibroblast cell line MRC-5 were obtained from the Shanghai Cell Bank of Chinese Academy of Sciences. Cells were grown in the RPMI-1640 medium. Culture media were supplemented with 10% fetal bovine serum and antibiotics (100 U/mL penicillin and 100 U/mL streptomycin) and maintained at 37°C in a humidified atmosphere and 5% CO~2~. The cells were detached using 0.1% trypsin before use in the experiments.

Cell viability
--------------

The sulforhodamine B (SRB) assay was used to study the effect of euphornin on the proliferation of HeLa and MRC-5 cells. Briefly, cells in logarithmic growth phase were plated into a 96-well plate at a density of 1.0 × 10^4^/well. After 24 h of attachment, the cells were treated with euphornin (50, 100, and 200 mg/L) or vehicle control and incubated for 24, 48, or 72 h. The cells were then incubated with 50 μL of 10% (w/v) trichloroacetic acid at 4°C for 1 h, and after five washes, they were stained with 50 μL of 0.4% (w/v) SRB diluted in 1% acetic acid. Unbound dye was removed with 1% acetic acid. Protein-bound SRB was solubilized using 200 μL of 10 mM Tris base solution, and absorbance was read at 540 nm wavelength. The experiments were performed using triplicate wells and repeated at least three times. Data were calculated as a percentage of the corresponding control (the untreated control was considered to be 100%).

Apoptosis assay
---------------

To determine whether cell death induced by euphornin has apoptotic or necrotic features, Annexin V/PI double staining was applied. Briefly, cells were grown in six-well plates and treated with euphornin (50, 100, and 200 mg/L) for 48 h. The cells were then washed in ice-cold PBS, centrifuged at 1,000× *g* for 5 min, resuspended in 500 μL binding buffer, and incubated with 5 μL Annexin V-FITC and 5 μL PI. After 10 min incubation in the dark, cells were assessed on a BD FACSCalibur flow cytometer.

Cell morphology studies
-----------------------

Morphological changes to cell nuclei were identified after Hoechst 33342 staining. Cells were grown in six-well plates and treated with euphornin (50, 100, and 200 mg/L) for 48 h. The cells were detached using 0.1% trypsin and resuspended in the culture medium; they were then incubated with 10 μL of Hoechst 33342 dye at 37°C for 10 min. After incubation, cells were centrifuged at 1,000 rpm for 5 min, washed, and resuspended in buffer A. They were then analyzed by fluorescence microscopy. Blue fluorescence intensity was measured using a 352 nm excitation wavelength and 460 nm emission wavelength.

Mitochondrial membrane depolarization (MMP) analysis using JC-1 dye
-------------------------------------------------------------------

The effect of euphornin on MMP was analyzed after staining with JC-1 dye. In healthy mitochondria, JC-1 polymers generate red fluorescence in the mitochondrial matrix. In damaged mitochondria, JC-1 dye accumulates in the cytosol as monomers and generates green fluorescence. HeLa cells were treated with euphornin for 48 h. Control cultures were treated with the same amount of the vehicle. Cells were incubated with 10 mg/mL JC-1 dye for 20 min at 37°C and washed in PBS followed by centrifugation in accordance with the manufacturer's protocol. Cells were immediately analyzed using flow cytometry. The ratio of red to green fluorescence was used to monitor changes in MMP.

Cell cycle assay
----------------

Fluorescence-activated cell sorting was applied to investigate the influence of euphornin on cell cycles. Cells treated with or without euphornin were maintained in culture for 48 h. They were then collected and washed in precooled PBS, centrifuged at 1,000× *g* for 5 min, and fixed in 70% ethanol at 4°C overnight. The cells were washed in PBS and incubated with RNase and PI (final concentration: 50 μg/mL) for 30 min in the dark. The results were analyzed using FlowJo 7.6.1 Min software. Assays were performed on three separate occasions.

Western blot assay
------------------

The culture medium was discarded, and the cells were washed twice in ice-cold PBS; they were then lysed in freshly prepared radioimmunoprecipitation assay (RIPA) buffer containing protease inhibitors and phosphatase inhibitors. The culture plates were incubated for 30 min on ice, and the cells were scraped from the wells and collected in an eppendorf tube; they were centrifuged at 17,000× *g* for 15 min. The supernatants were saved as total cellular proteins.

For immunoblotting experiments, concentrations of total cellular proteins were estimated using a BCA Protein Assay Kit. Protein extracts were separated by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis and then transferred onto a polyvinylidene difluoride (PVDF) membrane. The membranes were blocked with 5% milk or bovine serum albumin in Tris-buffered saline and then blotted with primary antibodies overnight at 4°C. After washing, the membranes were incubated with horseradish peroxidase-conjugated secondary antibody for 2 h at room temperature. Proteins were detected using an ECL Western Blotting Substrate Kit. The antibody concentrations used here were phospho-CDK1 (Tyr15), 1:1,000; total CDK1, 1:1,000; Cyt-C, 1:1,500; Bcl-2, 1:1,500; Bax, 1:1,500; and caspase-3, caspase-8, caspase-9, caspase-10, and β-actin, 1:3,000. The total protein content was normalized using mouse anti-β-actin antibody. Densitometric analysis of immunoreactivity for each protein was performed using Image-Pro Plus 6.0 software (Media Cybernetics, Rockville, MD, USA).

Statistical analysis
--------------------

Data are expressed as mean ± SD from three individual experiments. Analysis of variance (ANOVA) and post-hoc Tukey's tests were performed for all experiments. Probability values were considered as statistically significant at *P* \< 0.05.

Results
=======

Euphornin inhibits HeLa cell proliferation
------------------------------------------

Dose- and time-dependent changes in HeLa cell viability were determined using the SRB assay after incubation periods of 24, 48, and 72 h. As shown in [Figure 2A](#f2-ott-11-4395){ref-type="fig"}, treatment with euphornin induced dose- and time-dependent changes in cell viability. After treatment with 50 mg/L, cell viability was 89.9% of that in vehicle-treated control cells and was further reduced at 100 and 200 mg/L dosages. In a similar manner, cell viability decreased with the duration of euphornin treatment. The effects of euphornin on the non-tumoral cell line MRC-5 were also tested; no significant effect of dose or time was found for MRC-5 cell viability ([Figure 2B](#f2-ott-11-4395){ref-type="fig"}).

Euphornin induces HeLa cell apoptosis
-------------------------------------

The rate of apoptosis was measured by Annexin V/PI double staining. Over the tested dose range, the rate of apoptosis increased from 25.3% to 52.6% ([Figure 3](#f3-ott-11-4395){ref-type="fig"}); a dose-dependent increase in apoptosis was identified.

Euphornin induces cell morphology changes in HeLa cells
-------------------------------------------------------

Next, we used Hoechst 33342 staining to examine the morphology of HeLa cells after euphornin treatment. As shown in [Figure 4](#f4-ott-11-4395){ref-type="fig"}, treatment with 50--200 mg/L euphornin for 48 h induced clear changes in cell structure and density and induced DNA fragmentation and/or chromatin condensation.

Euphornin induces MMP loss in HeLa cells
----------------------------------------

The collapse of MMP is an essential event in the mitochondrial pathway of apoptosis. As shown in [Figure 5](#f5-ott-11-4395){ref-type="fig"}, the red to green fluorescence ratio decreased in cells treated with euphornin. The obtained results indicated that euphornin decreased the number of cells with normal membrane potential and increased the number of cells with low MMP after 48 h.

Euphornin activates the mitochondrial pathway in HeLa cells
-----------------------------------------------------------

The mitochondrial Bcl-2 gene family contains some important apoptotic regulators, such as Bcl-2 and Bax, which participate in the process of cell death. After treatment with euphornin, the level of Bcl-2 protein in HeLa cells fell while that of Bax increased gradually. The ratio between antiapoptotic (Bcl-2) and proapoptotic (Bax) Bcl-2 family proteins was reduced in euphornin-treated cells in a dose-dependent manner ([Figure 6A](#f6-ott-11-4395){ref-type="fig"}). Based on these data, we propose that an intrinsic mitochondrial pathway may be involved in euphornin-induced apoptosis.

Euphornin induces apoptosis via caspase-mediated pathways in HeLa cells
-----------------------------------------------------------------------

To determine whether the Cyt-C or caspase-mediated pathway also participated in euphornin-induced apoptosis in HeLa cells, the levels of Cyt-C, caspase-3, caspase-8, caspase-9, and caspase-10 were determined by Western blot analyses. The level of Cyt-C was increased in euphornin-treated HeLa cells ([Figure 6B](#f6-ott-11-4395){ref-type="fig"}). Likewise, the levels of caspase-3, caspase-8, caspase-9, and caspase-10 in euphornin-treated HeLa cells increased in a dose-dependent manner ([Figure 6C](#f6-ott-11-4395){ref-type="fig"}). These results suggest that euphornin induced apoptosis via caspase-mediated pathways in HeLa cells.

Euphornin treatment arrests cell cycle progression in HeLa cells
----------------------------------------------------------------

The flow cytometric analysis of euphornin-treated HeLa cells showed an altered cell cycle pattern ([Figure 7](#f7-ott-11-4395){ref-type="fig"}). Compared to the control group, the number of cells at G2/M increased in a dose-dependent manner. Cell numbers at G0/G1 or S phases did not display any obvious trend.

As orderly cell cycle transition is associated with the activation of phase-specific cyclin-dependent kinases (CDKs), we examined the effect of euphornin treatment on the level of phospho-CDK1 (Tyr15). Our analysis showed a dose-dependent change in phospho-CDK1 (Tyr15), whereas the total CDK1 level showed no change.

Discussion
==========

In this study, we demonstrated that euphornin inhibited proliferation of human cervical cancer HeLa cells over a concentration range of 50--200 mg/mL in a concentration- and time-dependent manner. Annexin V/PI and Hoechst staining demonstrated that the cell proliferation blocking effect was mediated by an increased rate of apoptosis in HeLa cells. A loss of MMP and cell cycle arrest at G2/M were observed in the euphornin-treated HeLa cells. Induced apoptosis in HeLa cells appeared to be mediated, in part at least, by mitochondrial and caspase pathways. Our findings suggested that euphornin suppressed proliferation of human cervical cancer HeLa cells and suggested that this compound might have potential value for pharmacotherapeutic treatment of human cervical cancer.

Many studies in recent years have reported an association between antiapoptotic molecules and therapeutic targets for cancer treatment.[@b15-ott-11-4395],[@b16-ott-11-4395] In view of the importance of apoptotic cell death as a key mechanistic feature of potential antitumor drugs, we investigated the potential application of euphornin to induce apoptosis. The occurrence of apoptosis is associated with classic morphological and biochemical changes in cells.[@b6-ott-11-4395],[@b17-ott-11-4395] In the present study, morphological changes were identified after treating HeLa cells with euphornin. Euphornin significantly increased the rate of apoptosis in HeLa cells. A previous study indicated that the loss of MMP occurs during cell apoptosis; this loss is followed by the release of proapoptotic molecules and Cyt-C.[@b18-ott-11-4395] Here, we showed that euphornin treatment resulted in an increase in cytoplasmic Cyt-C and a decrease in MMP. In addition, euphornin-treated HeLa cells showed an altered Bax/Bcl-2 ratio, demonstrating that euphornin influenced mitochondrial membrane stability. It has previously been shown that alteration of the Bax/Bcl-2 ratio can play an important role in regulating cellular apop-totic processes and flipping the Bax/Bcl-2 switch to kill cancer cells.[@b19-ott-11-4395],[@b20-ott-11-4395]

Caspases, protease enzymes, are also critical in the initiation of apoptosis and are activated in cells undergoing apoptosis.[@b21-ott-11-4395] The activation of caspase-3 is considered as a robust signal of apoptosis.[@b22-ott-11-4395] Here, we found that cleaved caspase-3 levels were significantly enhanced after euphornin treatment, thus promoting apoptotic progress. The increase in levels of caspases plays a vital role in the apoptotic signaling interactions that are activated in most instances of apoptotic cell death.[@b23-ott-11-4395] To identify the apoptotic pathway activated by euphornin, we evaluated the levels of caspase-8, caspase-9, and caspase-10 apical proteases in extrinsic and intrinsic pathways. Our assay revealed that the levels of caspase proteins increased in a dose-dependent manner after euphornin treatment and confirmed that caspase-3, caspase-8, caspase-9, and caspase-10 played a role in euphornin-induced apoptosis in HeLa cells.

Deregulation of cell cycle progression is a common characteristic of cancer cells[@b24-ott-11-4395] and regulates the rate of cell proliferation. Regulation of cell cycle arrest at G2/M is a feature of interest in studies on cell proliferation in basic and clinical cancer studies.[@b25-ott-11-4395] Our analyses here demonstrated that euphornin increased the rate of cells at G2/M and, therefore, had a significant effect on cell cycle progression compared with cultures treated with the vehicle control; these observations indicate the potential of euphornin to regulate the G2/M phase.

The cell cycle is driven by proteins called CDKs that associate with cyclin regulatory proteins at different points of the cell cycle. CDK1--cyclin B complex plays a key role in G2/M-phase transition. Proteins that localize to sites of DNA damage in G2 initiate a signaling cascade that regulates CDK1--cyclin B complex activity, therefore controlling mitotic entry.[@b26-ott-11-4395] CDK1, also known as cell division cycle protein 2 (cdc2), is a highly conserved protein that functions as a serine/threonine kinase. Activation of CDK1 is an important regulatory step in controlling mitotic entry via CDK1--cyclin B complex. CDK1 activity is regulated by phosphorylation of its tyrosine-15 residue. Phosphorylation of tyrosine-15 inhibits CDK1 activity, while dephosphorylation removes negative regulation of CDK1 activity and causes cells to enter mitosis and therefore hyphosphorylation of tyrosine-15 residue and reduced activity of CDK1 associated with G2/M cell cycle arrest.[@b27-ott-11-4395],[@b28-ott-11-4395] Here, we showed that euphornin treatment increased the level of phospho-cdk1 (Tyr15) protein and led to deactivation of the CDK1--cylinB complex; this deactivation prevented the transition from G2 to M phase, induced abnormal cell cycle regulation, and subsequently inhibited cell proliferation. These observations suggest that CDK1 is involved in the euphornin-induced cell cycle arrest in HeLa cells.

Conclusion
==========

We demonstrated that euphornin, isolated from the plant *E. helioscopia*, inhibits proliferation of cervical cancer HeLa cells in a concentration- and time-dependent manner. Moreover, euphornin induced apoptosis and G2/M-phase cell cycle arrest and altered the levels of cell cycle-dependent kinases. Euphornin induced HeLa cell apoptosis through both mitochondrial and caspase pathways. Taken together, our data suggest that euphornin has both antiproliferation and proapoptotic properties in cervical cancer HeLa cells. Further studies will be required to identify the specific molecular targets of euphornin and the signaling pathways affected in vivo.
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![Structure of euphornin.](ott-11-4395Fig1){#f1-ott-11-4395}

![Effects of euphornin on HeLa and MRC-5 cell viability.\
**Notes:** Changes in rates of viability of HeLa (**A**) and MRC-5 (**B**) cell lines after 24, 48, and 72 h treatment with 50, 100, or 200 mg/L euphornin. Cell viability was determined by an SRB assay. \**P* \< 0.05, \*\**P* \< 0.01, and \*\*\**P* \< 0.001 vs control.\
**Abbreviation:** SRB, sulforhodamine B.](ott-11-4395Fig2){#f2-ott-11-4395}

![Effect of euphornin on the rate of apoptosis in HeLa cells.\
**Notes:** (**A**) Flow cytometric analysis of HeLa cells treated with PBS, 50, 100, or 200 mg/L euphornin for 48 h. Representative dot plots of cell apoptosis are shown after Annexin V/PI dual staining. (**B**) Rate of apoptosis is represented as the percentage of the total cell population. The proportions of dead cells (UL: Annexin V−/PI+), live cells (LL: Annexin V−/PI−), early apoptotic cells (LR: Annexin V+/PI−), and late apoptotic/necrotic cells (UR: Annexin V+/PI+) were measured for comparison. \*\**P* \< 0.01 and \*\*\**P* \< 0.001 vs control.\
**Abbreviations:** LL, lower left; LR, lower right; PBS, phosphate-buffered saline; PI, propidium iodide; UL, upper left; UR, upper right.](ott-11-4395Fig3){#f3-ott-11-4395}

![Morphological changes in apoptotic HeLa cells.\
**Notes:** Following treatment with (**A**) PBS, (**B**) 50, (**C**) 100, or (**D**) 200 mg/L euphornin for 48 h, apoptotic nuclei were identified as condensed and brightly stained with Hoechst 33342. Nuclear morphology was visualized under a fluorescence microscope (×200) and photographed.\
**Abbreviation:** PBS, phosphate-buffered saline.](ott-11-4395Fig4){#f4-ott-11-4395}

![Effect of euphornin on MMP in HeLa cells.\
**Notes:** HeLa cells were treated with PBS, 50, 100, or 200 mg/L euphornin for 48 h. MMP was assessed after staining with JC-1 dye. Qualitative analysis of changes in MMP was examined by quantification of the ratio of red and green fluorescence. \**P* \< 0.05 and \*\**P* \< 0.01 vs control.\
**Abbreviations:** MMP, mitochondrial membrane depolarization; PBS, phosphate-buffered saline.](ott-11-4395Fig5){#f5-ott-11-4395}

###### 

Effects of euphornin on apoptotic proteins in HeLa cells.

**Notes:** HeLa cells were treated with PBS, 50, 100, or 200 mg/L euphornin for 48 h. Western blot analysis was used to determine the protein expression levels. \**P* \< 0.05, \*\**P* \< 0.01, and \*\*\**P* \< 0.001 vs control. (**A**) Expression of bcl-2 and bax; (**B**) expression of Cyt-C; (**C**) expression of caspase-3, caspase-8, caspase-9, and caspase-10.

**Abbreviation:** PBS, phosphate-buffered saline.
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![Effect of euphornin on cell cycle progression in HeLa cells.\
**Notes:** HeLa cells were treated with PBS, 50, 100, or 200 mg/L euphornin for 48 h. (**A**) Cells fixed and stained with PI for flow cytometric analysis of DNA content and cell cycle distribution. (**B**) Cell cycle-associated protein expression (CDK1) was detected by Western blot. \**P* \< 0.05 and \*\**P* \< 0.01 vs control.\
**Abbreviations:** PBS, phosphate-buffered saline; PI, propidium iodide.](ott-11-4395Fig7){#f7-ott-11-4395}
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